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Objectives: Glass ionomer, resin-modified glass ionomer, and compomer inaterials are susceptible to brittle fracture and are inadequate for
use in large stress-bearing posterior restorations. The aim of this study was to use ceramic single crystal whiskers to reinforce composites
formulated with precured glass ionomer, and to examine the effects of whisker-to-precured glass ionomer mass ratio on mecharnical
properties, fluoride release, and polishability of the composites.

Methods: Sitica particles were tused onto silicon nitride whiskers to facilitate silanization and to improve whisker retention in the matrix.
Hardened glass ionomer was ground into a fine powder, mixed with whiskers, and used as fillers for a dental resin. Four control materials
were also tested: a glass ionomer, a resin-modified glass ionomer, a compomer, and a hybrid composite. A three-point flexural test was used
to measure flexural strength, modulus, and work-of-fracture. A fluoride ion-selective electrode was used to measure fluoride relcase.
Composite surfaces polished simulating clinical procedures were examined by SEM and profilometry.

Results: At whisker/(whisker + precured glass ionomer) mass fractions of 1.0 and 0.91, the whisker composite had a flexural strength in
MPa (mecan (SD); 7 = 6) of (196 (10)) and (150 (16)), respectively, compared to (15 (7)) for glass ionomer, (3% (8)) for resin-modified
glass ionomer, (89 (18)) for compomer, and {120 (16)) for hybrid composite. The whisker composite had a cumulative fluoride release of
nearly 20% of that of the glass ionomer after 90 days. The whisker composites had surface roughness comparable to the hybrid resin
composite.

Significance: Composites filied with precured glass ionomer particles and whiskers exhibit moderate fluoride release with improved
mechanical properties; the whisker-to-glass ionomer ratio is a key microstructural parameter that controls fluoride release and mechanical

properties. Published by Elsevier Science Lid on behalf of Academy of Dental Materials.
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L. Introduction

Resin composites are generally composed of silanized
particulate silicate glass fillers in a polymeric matrix derived
from the polymerization of a mixture of methacrylate mono-
mers. Considerable efforts have been devoted to the
improvement of resin composites, including improvement
in filler packing, optimization in filler levels, and develop-
ment of hybrid filler phases [1-8]. Besides silicale glass
particles, chopped glass fibers {9] and porous networks of
fibers [10] have also been incorporated as fillers into dental
composites. These improvements have nol been sufficient to
meril recommendation that direct-filling resin composites

# Corresponding author. Tel: + 1-301-975-6804; fax: + 1-301-963-
9142,
E-mail address: hockin.xu@nist.gov (H.H.K. Xu).

be used for large stress-bearing posterior restorations, espe-
cially those that involve cusp replacements where large
stresses can be generated during mastication [11,12].
Recently, ceramic single crystal whiskers were described
as fillers to reinforce dental resin composites [13]. Silica
particies were fused onto the individual whiskers to facil-
itate whisker silanization, to minimize whisker entangle-
ment by facilitating their dispersion, and to enhance
whisker retention in the matrix by providing roughness on
the whisker surfaces [14]. The ceramic whiskers are single
crystals possessing a high degree of structural perfection
and, hence, superior strength and toughness values. For
example, the tensile strength of ceramic silicon nitride whis-
kers is approximately 50 GPa, compared to approximately
3 GPa for glass fibers and 0.1 GPa for bulk glass [15-17].
The fracture toughness of silicon nitride is nearly
3MPam'”, while that of glass is approximatcly
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0.7 MPa-m". In addition, the shape of the whiskers is
highly elongated (e.g. a diameter of 0.5 pm and a length
of 5 jum) with the potential benefit of bridging matrix micro-
cracks and preventing them from propagating [15,18,19], as
well as providing resistance to disledgment from the matrix
during wear processes. A recent study [13] has shown that
ceramic whisker reinforcement imparted a ncarly two-fold
increase in the flexural strength and fracture toughness of
dental resin composites. The present study will extend this
concept by attempting to formulate a whisker-reinforced
composite that releases fluoride.

It has been reported that approximately halt of all restora-
live dentistry involved the replacement of existing restora-
tions, and about 40% of all such replacements were
attributed to recurrent caries [20]. The sustained release of
small amounts of fluoride could provide a substantial advan-
tage for a dental restoration if the fluoride could enrich
neighboring enamel or dentin to combat secondary caries
[21-26]. Glass ionomer [27-29] and resin-modified glass
ionomer materials [30-32] have received much attention
due to their significant release of fluoride, the uptake of
fluoride in adjacent cavity walls and plaque, and the
enhanced reprecipitation of calcism and phosphate
promoted by the fluoride release [21,24,33-36]. However,
the inferior mechanical properties of glass ionomer and
subsequent resin-maodified glass ionomer materials have
limited their use [28,37-40]. Although ameliorating some
problems of conventional glass ionomers, resin-modified
versions have not achieved sufficient strength for use in
large stress-bearing restoration [41]. It was predicted that
for these materials, “the most intractable problem is likely to
be lack of strength and toughness™ [42].

The atm of the present study, therefore, was to combine
the fluoride release of glass ionomer with the superior
strength of whiskers, to develop resin composites reinforced
with a novel filler system that compriscd a mixture of cera-
mic whiskers and precured glass ionomer particles, and to
investigate the effects of whisker-to-precured glass ionomer
ratio on mechanical properties, fluoride release, and polish-
ability of the composites. It was hypothesized that while the
precured glass ionomer fillers in the composite would
release fluoride, the whisker fillers in the composite would
provide the needed mechanical strength. Tt was further
hypothesized that the composite mechanical properties
and fluoride release counld be tailored by varying a key micro-
structural parameter: the whisker-to-glass ionomer filler ratio.
Four control materials with varving fluoride release and
flexural strength were also tested for comparison.

2. Materials and methods
2.1. Filler powder preparation

Ceramic silicon nitride (-Si;N4) single crystal whiskers
(UBE Industries, New York, NY) with diameters ranging

from 0.1 to 1.5 wm {mean = 0.4 um) and lengths ranging
from 2 to 20 pm (mean = 5 pm) were mixed with fumed
silica having a nominal particle size of 0.04 pm (Aerosil
0OX50, Degussa Corp., Ridgefield, NJ). A whisker:silica
mass ratio of 2:1 was used and the mixture was dispersed
by stirring in ethyl alcohol with a magnetic stir bar under
moderate vacuum until dry [13]. The silica particles were
fused onto the surfaces of whiskers to facilitate silanization
and to roughen the whisker surfaces for enhanced retention
in the matrix. To fuse the silica particles onto the whiskers,
the dried mixture was heated in air for 30 min at a tempera-
ture of 800°C [13]. The heat-treated powder was silanized
by mixing it with mass fractions of 4% 3-methacryloxypro-
pylirimethoxysilane (MPTMS) and 2% n-propylamine in
cyclohcxane by means of a rotary evaporator at room
temperature for 30 min and then in a 90°C water bath
under a moderate vacuum until dry.

The powder and liguid components of a conventional
glass ionomer (Ketac™-Bond, batch # 050790, ESPE,
Germany) were mixed according to the manufacturer’s
instructions, and placed into steel molds, 2 X 2 X 20 mm,
to make specimens. The open sides of the mold were
covered with mylar strips mechanically clamped between
glass slides, and the entire assembly was incubated in a
100% humidity humidor at 37°C for 24 h, The specimens
were then demolded and manually ground in a mortar with a
pestle- into a fine powder of a particle size ranging from
approximately 0.5 to 5 pm, with a mean of approximately
I wm, This cured, ground glass ionomer cement powder will
be referred to as “precured glass ionomer powder” or “gi”,
The powder was silanized using the same procedure as
described for the silica-fuscd whiskers.

2.2. Specimen fabrication

The silanized whiskers and precured glass ionomer
powders were manually blended by spatulation into 6 fillers
with whisker:precured glass jonomer mass ratios of 0:1, 1:4,
1:1,4:1, 10:1, and 1:0. These corresponded to mass fractions
of whisker/(whisker + precured glass ionomer powder), or
w/(w + gi), of 0, 20, 50, 80, 91, and 100%, respectively.
These mass fractions corresponded to volume fractions of
approximately 0, 10, 37, 70, 85, and 100%, respectively.
Each filler was manually blended by spatulation with a
resin monomer consisting of mass fractions of 48.975%
Bis-GMA, 48.975% triethylene glycol dimethacrylate
(TEGDMA), 005%  2,6-di-tert-butyl-4-methylphenol
(BHT), and 2% benzoy! peroxide (BPQ) to form the initiator
paste of a two-part chemically activated composite. The
accelerator paste consisted of the same amount of filler
mixed with a resin made of mass fractions of 49.5% Bis-
GMA, 49.5% TEGDMA, and 1% N.N-dihydroxyethyl-p-
toluidine (DHEPT) as the polymerization accclerator. A
total filler mass fraction of 55% was used for all the whisker
composites [13]. For preparation of the flexural specimens,
equal masses of the two pastes were manually blended by
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Fig. 1. Mechanical properties of the composites filled with whiskers and
precured glass ionomer particles as a function of whisker/(whisker +
precured glass ionomer) mass fraction.

spatulation and then placed into molds of 2 X2 X 20 mm.
The paste hardened in approximately 2 min. For measure-
ment of fluoride release, specimens of 2 X 2 X 8 mm were
made in the same manner. Each whisker specimen was
allowed to incubate in the mold kept in an oven at 37°C
for 15 min and then demolded. The flexural specimens were
then immersed in distilled water at 37°C for 24 h prior to
flexural testing.

Four control materials were selected to represent a range
of strength and fluoride release. A glass ionomer (Ketac™-
Bond, batch # 050790, ESPE, Germany) was mixed and
cured as described previously. A resin-modified glass iono-
mer {Vitremer™, batch # 19931105, 3M, St. Paul, MN) was
mixed according to the manufacturer’s instructions, placed
into molds of 2 X 2 X 20 mm, and cured using visible light
(Triad 2000, Dentsply International, Inc., York, PA) for
1 min on each side of the specimen. Similarly, a compomer
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(Dyract™, hatch # 9501182, Caulk/Dentsply, Inc., Milford,
DE) was mixed according to the manufacturer’s instruc-
tions, placed into molds and light-cured for 1 min on each
side of the specimen. In addition, a hybrid resin composite
(TPH™, batch # 9607081, Caulk/Dentsply, Inc., Milford,
DE), consisting of silicate particles of about 0.8 pm in
diameter at a filler level of 78% mass fraction in a matrix
resin of a urethane-modified Bis-GMA plus TEGDMA, was
light-cured for 1 min on each side of the specimen. All
specimens were formed in the molds covered with mylar
strips clamped belween glass slides. The TPH specimens
were demolded after curing; the other specimens were incu-
bated in a 100% humidity humidor at 37°C for 24 h before
being demolded. All the flexural specimens were then
immersed in distilled water at 37°C for 24 h before heing
fractured.

2.3. Mechanical properties, fluoride release, and
polishability

The flexural specimens were immersed in distilled water
at 37°C for 24 h prior to testing. A standard three-point
flexural test [43] with a span of 10 mm was used to fracture
the specimens at a crosshead speed of (.5 mm/min on a
compuler-controlled Universal Testing Machine (model
5500R, Tnstron Comp., MA). The following properties were
determined: flexural strength, modulus, and work-of-frac-
ture (the energy required to fracture the specimen, obtained
from the area under the load-displacement curve divided by
the specimen’s cross-sectional area).

Fluoride relcasc was measured after storage periods of 1,
7, 14, 30, 60 and 90 days. To minimize dehydration and
surface cracking [31], the glass ionomer specimens were
immersed in distilled water within 1h after they were
taken out of the humidor and demolded. Four specimens
were tested for cach material. Each specimen was immersed
in 2.5 ml water in a capped polystyrene tube (Falcon 2054,
Becton Dickinson, NJ) and stored in a 37°C oven. After each
prescribed storage period. 1 ml of the storage solution was
collected from each tube; | mi of fresh deionized water was
then added to the tube for further storage. 1 ml of a buffer
solution (TISAB II, Orion Research, Inc., Boston, MA) was
added to the collected solution for fluoride concentration
measurement. A fluoride ion-selective electrode (model
94-09, Orion Research, Tnc., Boston, MA) was used to
measure the fluoride concentration in the solution while
the solution was stirred with a poly(tetraluroethylene)-
coated magnetic bar. An experimental curve of relative
millivolts as a function of fluoride concentration was gener-
ated by use of various buffered dilutions of the standard
solution (Orion Research, Inc., Boston, MA). Standard
curves between approximately 0.04 and 10 ppm were used
to gencrate calibration curves for the electrode. The amount
of fluoride measured was converted into micrograms of F~
released per umit specimen area (uwg/em®) according to
previous methods [44]. The cumulative amount of fluoride
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Fig. 2. Cumulative fluoride relcase as a function of days stored in distilled water at 37°C. “gi” designates precured glass ionomer particles.

Fig. 3. SEM of polished surfaces of: (A) glass ionomer (Ketac); (B) resin-modified glass ionomer (Vitremer); and (C) and (D) whisker composites at whisker/
(whisker + precured glass ionomer) ratios of 0.91 and 0.5, respectively. “w” designates whiskers, “gi” designates precured glass ionomer particles. Pores and
microcracks were found in glass ionomer and resin-modified glass ionomer. The whisker composites had smaother surfaces, with individual whiskers and
precured glass ionomer particles well dispersed in the resin matrix. The same magnification was used for (A)}—(D).
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Fig. 4. Avcrage and maximum roughness values (mean (SD);n = 6) of
clinically polished surfaces measured by profilometry as a function of w/
{w + gi). Values of the four control materials are plotted near the right axis
for comparison.

release was then calculated after each storage period
[34,45].

Six specimens of 2 X 2 X 8 mm dimensions of each mate-
rial were finished on one side simulating clinical conditions
using a 12-fluted carbide bur followed by a 30-fluted bur,
and polished with a rubber polishing tip. The average
surface roughness (R,) and maximum roughness (R,) of
the polished surfaces were measured using a computer-
controlled profilometry system (Perthometer Concept,
Mahr Corp., Cincinnati, OH). The debris produced during
polishing of the composites with 12-fluted carbide bur
was collected and placed onto a scanning electron
microscopy (SEM) stub, sputter-coated with gold, and
examined with a SEM (model JSM-5300, JEOL, Inc.,
Peabody, MA).

One-way ANOVA and Kruskal-Wallis Analysis of
Variance on Ranks were performed to detect significant
(e = 0.05) effects of filler fraction on mechanical properties
and polishability. Tukey’s and Dunn’s multiple comparison
tests were used at a family confidence coefficient of 0.95 to
group and rank the measured values.

3. Results

Mechanical properties as a function of whisker/
(whisker+precured glass ionomer) mass fraction, or w/
{w+gi), are shown in Fig. 1. Values of the four controls

are shown by open symbols at the right axis. Flexural
strength showed a relatively steep increase with increasing
w/(w + gi). The flexural strength (mean (SD);n = 6) at w/
(w+gi)=—0.0 was {43 (6))MPa. It increased to
{152 (15)) MPa at w/(w+gi)=10.91, and (196 (10)) MPa
at w/(w+gi) = 1.0, which were significantly higher than
those of the controls (Tukey’s multiple comparison test;
family confidence coefficient = {).95). Flexural modulus of
whisker composite increased from (3.9 (0.2)) GPa at w/
{(w+gi)=0.0 to (7.6 (0.4)) GPa at w/w + gi)= (0.5, and
then plateauved. Work-of-fracture of whisker composite
was (0.3 (0.1) kI/m* at wi(w + gi) = 0.0; it increased to
(3.9 (0.7) kKJ/m* at wAw+gi)=1.0, which was signifi-
cantly higher than those of the controls.

Cumulative fluoride relcase results are plotted in Fig, 2.
“gi” designates “precured glass ionomer particles”. Fluoride
release for the control hybrid composite and the whisker
composite at w/(w+gi) = 1.0 was not detectable. Fluoride
release for the whisker composites was lower than the fluor-
ide release of the control materials, with the greatest release
at w/(w+gi) = 0.2 being nearly 20% that of the glass iono-
mer centrol.

SEM micrographs of the surfaces polished under simu-
lated clinical procedures are shown in Fig. 3 for: (A) glass
ionomer; (B) resin-modified glass ionomer; (C) whisker
composite at w/{w+gi) = 0.91; and (D) whisker composite
at w/(w+gi) = 0.5. Pores and microcracks were frequently
found in the polished surfaces of glass ionomer and resin-
modified glass ionomer (Fig. 3A and B). The whisker
composites had more continuous surfaces, with examples
shown in Fig. 3C and D, where “w” designates whiskers,
and “gi” designates precured glass ionomer particles. The
whiskers and precured glass ionomer particles (“gi” in Fig.
3D) appeared to be well dispersed in and bonded to the resin
matrix. SEM observations of the polished surfaces of whis-
ker composites revealed smooth surfaces with little poros-
ity. These observations are supported by the results of
profilometric measurements in Fig. 4. Although the rough-
ness values (mean (SD); s = 6) of the resin-modified glass
ionomer and the glass ionomer are not significantly different
from those of the other composites (Dunn’s multiple
comparison method; family confidence coefficient = 0.95),
the resin-modified glass ionomer and the glass ionomer tend
to have rougher surfaces. The roughness values of the whis-
ker composites and the hybrid composite control arc nearly
the same.

SEM micrographs of polishing debris are shown in Fig. 5
tor: (A) glass ionomer; (B) whisker composite at w/
w+gi = 0.5; (C) whisker composite at w/w+gi =091,
and (D)) an area of C at a higher magnification. The polish-
ing chips or smeared sheets (big arrows), and the fine parti-
cles (small arrows) produced during polishing of the
whisker composites are similar to those of glass ionomer,
Intact whiskers were rarely found in the polishing debris
when examined in the SEM. At a higher magnification,
whisker fragments (Fig. 3D) were occasionally found in
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Fig. 5. SEM of polishing debris for: (A} glass ionomer control; (B) and (C) whisker composites at w/(w + gi) of 0.5 and (.91, respectively; and (D} an area of C
4l a higher magnification. The polishing chips or smeared sheets (big arrows) and fine particles (small arrows) are similar for all the malerials. Whiskers were
not found in most of the polishing debris except in a few areas, an example of which is shown in (D). The whiskers in the polishing debris had a length 10

diameter ratio of approximately 2—4.

the polishing debris and they hud an aspect ratio (length-to-
diameter ratio) ranging from approximately 2—4.

4, Discussion

In the results of the present study it was found that cera-
mic whisker reinforcement can be combined with a fluoride-
releasing filler to yield composites with substantially
improved mechanical properties and a moderate level of
fluoride release. The flexural strength values of the control
hybrid composite, glass ionomer, and resin-modified glass
ionomer, measured in the present study, were in the range of
those reported in previous studies on similar matcrials
[28,31,39,48]. The fusing of silica glass particles onto the
surface of individual whiskers has facilitated whisker sila-
nization and improved the whisker retention in the matrix by
providing rougher whisker surfaces [13]. Silica particles
appearcd to be well bonded to the whiskers due to high
temperatore fusion, resulting in a significant improvement
in compositc mechanical properties [13]. The high strength
of the single crystal whiskers [17] contributes to the compo-

site strength; the composite strength was proportional to the
strength of fibers or whiskers [18]. The elongated shapes of
the whiskers also contribute to the reinforcement efficacy, as
elongated fillers are more effective in bridging and resisting
cracks than round-shaped fillers [46], with enamel rods in
natural teeth being one example [47]. The small size of
whiskers contributes to the polishability of the composites.
Previous studics had used glass fibers of a diameter of
approximately 10 pm and a length of a few hundred pm
to reinforce dental composites [3,9]. The size of the whis-
kers used in the present sludy were orders of magnitude
smaller than most glass fibers and other ceramic fibers
[15,19]. These small whiskers not only allowed a relatively
uniform distribution in the matrix, but also yielded compo-
sites with roughness of polished surfaces similar to that of a
small-particle hybrid resin composite control.

Free fibers and whiskers of less than 1 pm in diameter
and more than 10 wm in length may present a potential
inhalation and carcinogenic hazard [49-51]. SEM examina-
tion of the collected polishing debris of the whisker compo-
sites revealed chips, smeared sheets, and fine particles
similar to those of the control materials. Only occasionally
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were short whisker fragments found in the polishing debris
from the whisker composites (Fig. 3D), and the fragment
lengths were much shorter than either the as-received whis-
kers or the whiskers observed in the surfaces of cured
composites (Fig. 3D). The much shorter whisker fragments
found in the polishing debris were likely a result of whisker
fracture during polishing. Previous studies demonstrated
that elongated silicon nitride whiskers fractured into fine
powders during machining or grinding [16]. That whiskers
were fractured rather than dislodged from the matrix during
polishing is consistent with the observation that polished
whisker composites were free of pores or holes from whis-
ker dislodgment (Fig. 3). Free whiskers less than 0.5 um in
diameter and more than 10 pm in length were not found in
the polishing of the present study, consistent with the polish-
ing and machining of other whisker composites [16].
Further studies are needed to investigate the clinical effects
of the polishing debris of whisker composites.

To conclude, a novel filler system of silica-fused ceramic
whiskers mixed with precured glass ionomer particles
significantly improved the mechanical properties of resin
composites formulated to release fluoride. Flexural strength,
modulus and work-of-fracture (an indication of toughness)
of the composites increased with increasing w/(w + gi)
ratio. On the other hand, the cumulative Huoride release of
the composite increased when the w/(w + gi) ratio was
decreased. The elongate-shaped, high strength single crystal
whiskers contributed to the strengthening and toughening of
the composite, while the precured glass ionomer filler
contributed to the fluoride release. The small size of whis-
kers enhanced the polishability of the composites, yielding
polished surfaces comparable to that of a hybrid fesin
composite control. Further studies should investigate the
wear behavior and long term water-aging response of
these ceramic single crystal whisker-reinforced, fluoride-
releasing resin composites.

Disclaimer: Certain commercial materials and equipment
are identified in this paper to specify experimental proce-
dures. In no instance does such identification imply recom-
mendation by NIST or the ADA Health Foundation or that
the material identified is necessarily the best available for
the purpose.
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